In the developing brain, gradients are commonly used to divide neurogenic regions into distinct functional domains. In this article, we discuss the functions of morphogen and gene expression gradients in the assembly of the nervous system in the context of the development of the cerebral cortex. The cerebral cortex is a mammal-specific region of the forebrain that functions at the top of the neural hierarchy to process and interpret sensory information, plan and organize tasks, and to control motor functions. The mature cerebral cortex is a modular structure, consisting of anatomically and functionally distinct areas. Those areas of neurons are generated from a uniform neuroepithelial sheet by two forms of gradients: graded extracellular signals and a set of transcription factor gradients operating across the field of neocortical stem cells. Fgf signaling from the rostral pole of the cerebral cortex sets up gradients of expression of transcription factors by both activating and repressing gene expression. However, in contrast to the spinal cord and the early Drosophila embryo, these gradients are not subsequently resolved into molecularly distinct domains of gene expression. Instead, graded information in stem cells is translated into discrete, region-specific gene expression in the postmitotic neuronal progeny of the stem cells.
I
n the developing brain, gradients are commonly used to divide neurogenic regions into distinct functional domains. Examples of such gradients are the sonic hedgehog (Shh) gradient responsible for specifying dorsoventral fates in the spinal cord (Ericson et al. 1997) , and the double inverted gradients of the transcription factors En1/2 and Pax2/5, induced by morphogens secreted from the isthmic organizer that pattern the midbrain and hindbrain (Sato et al. 2004) . In this article, we discuss the functions of morphogen and gene expression gradients in the assembly of the nervous system in the context of the development of the cerebral cortex. The neocortex is the mammal-specific region of the forebrain that functions at the top of the neural hierarchy to process and interpret sensory information, plan and organize tasks, and to control motor functions. A key aspect of the functional anatomy of the cerebral cortex is that it is a modular structure and, as is discussed, those modules of neurons are generated from a neuroepithelial sheet by two forms of gradients: graded extracellular signals and a set of transcription factor gradients operating across the field of neocortical stem cells.
THE NEOCORTEX: A SIX-LAYERED SHEET OF NEURONS DIVIDED INTO FUNCTIONAL AREAS
In humans, the neocortex accounts for nearly three-quarters of the brain volume and contains more than twenty billion neurons (Mountcastle 1998 ). The neocortex is composed of six layers of neurons, and those layers differ markedly in neuronal cell type composition, cell density, and connectivity. The neurons of the neocortex are characteristically arrayed into vertical groups that span the cortical layers. In humans, neocortical columns are approximately 2 mm tall, have a diameter of 0.5 mm, and contain approximately 60,000 neurons (Rakic 2008) . Neurons within columns are highly interconnected and share a common function. At a finer scale, neocortical columns can be subdivided into mini or microcolumns, which contain tens to hundreds of neurons, and have been proposed to comprise the basic unit of the neocortex (Mountcastle 1998; Jones 2000; Rakic 2008) . At the simplest level of description, the deepest layers of cortical neurons (layers 5 and 6) contain projection neurons that connect areas of the cortex to one another or to subcortical structures. Layer 4 is the layer within which most extracortical inputs arrive, particularly from the sensory thalamus, whereas the superficial layers are composed mainly of local circuits that form reciprocal connections with the deep layers ( Fig. 1A ) (Thomson and Lamy 2007) .
Groups of neocortical columns are organized into functionally distinct neocortical areas, such that the cortex is a patchwork of functional modules, including areas for motor control, vision, and hearing (Fig. 1B) . With some notable exceptions, neocortical areas lack obvious anatomical boundaries, being distinguishable only by differences in cytoarchitecture, chemoarchitecture, connectivity, and gene expression. In the first accurate histological analysis, Brodmann divided the human neocortex into areas based on serial sectioning to produce a map of cortical areas (Brodmann 2006 ). Brodmann's maps have been largely confirmed by subsequent investigations, including studies involving electrophysical perturbation in live subjects and neurosurgical procedures on conscious patients under local anesthesia (Mountcastle 1998) . The functional importance of neocortical areas is also known from the examination of subjects that have suffered loss or damage to particular areas-for example, damage to Broca's or Wernicke's areas in the left hemisphere result in an inability to process language and generate speech.
In all species, the neocortex contains three major areas along the rostrocaudal axis ( Fig. 1B) : the rostral motor cortex, the medial somatosensory cortex, and the caudal visual cortex; although the relative sizes of those areas differs markedly in different species. Although the broad organization of neocortical areas shows remarkable similarity in different mammals, the evolution of the neocortex is marked by a dramatic increase in cortical volume and in the total number of cortical areas. The neocortex of a mammal such as the shrew has a surface area a thousand-fold smaller than that of a human and has 10-fold fewer functional areas (Striedter 2005) . Understanding the mechanisms that pattern the neocortex into the adult areas represents a major challenge and focus of modern developmental neurobiology.
DEVELOPMENT OF THE NEOCORTEX-THE RADIAL UNIT HYPOTHESIS
In mice, a model organism commonly used for research in this area, development of the neocortex begins at embryonic day 9.5 (E9.5) with the appearance of the cerebral vesicles from the dorsal surface of the rostral neural tube. Initially, the neocortical primordium is comprised of an apparently homogenous pool of neural stem cells. The first postmitotic neurons of the neocortex, the Cajal-Retzius cells, appear at E10.5 to form a transient structure known as the marginal zone that later becomes layer 1. The subsequent generation of the glutamatergic projection neurons of layers 2-6 by neocortical stem cells takes place from E11 until approximately E17, with neurons of deep layers (layer 6) produced before those of the outer layers (2/3) ( Fig. 2A) . Postmitotic layer neurons born in the VZ migrate radially outwards to form the cortical layers that together comprise the cortical plate. The outwards migration of neurons of layers VI to II takes place along the processes of radial glial cells that span the width of the developing neocortex (Fig. 2B) . Neurons of layer 6 are first to leave the ventricular zone and migrate radially to form the nascent cortical plate. Neurons of layer V to II then migrate past those of layer VI and adopt successively superficial positions ( Fig. 2A) .
The radial migration of the neuronal progeny of neocortical stem cells suggested that they might remain in spatial register with their mother cell, and this important idea was proposed as the radial unit hypothesis (McConnell 1988; Rakic 1988b; Rakic 1990) . Initial efforts to test the hypothesis, in which retroviral labeling was used to mark and visualize clones of neurons in the developing neocortex, failed to provide support for this model, instead finding evidence for both horizontal and radial clones of cells (Price and Thurlow 1988; Walsh and Cepko 1992; Walsh and Cepko 1993) . However, after some debate, subsequent studies of the subcortical origins of inhibitory interneurons of the cortex and further lineage analyses confirmed the accuracy of the radial unit hypothesis (Tan and Breen 1993; Soriano et al. 1995; Anderson et al. 1997) . These studies revealed that the glutamergic neuronal progeny of neocortical stem cells form radial columns that span the cortical plate (Tan and Breen 1993; Soriano et al. 1995) (Fig 2C) . By contrast, the horizontal clones observed in the initial retroviral studies were found to represent the tangential dispersion of inwardly migrating inhibitory GABAergic interneurons arriving from the ganglionic eminences of the ventral forebrain (O'Rourke et al. 1995; Anderson et al. 1997; Wonders and Anderson 2006) . Thus, the postmitotic neuronal progeny of neocortical stem cells migrate radially upward to form the layers and areas of the adult neocortex. Importantly, the radial unit hypothesis gave rise to the idea that a spatial pattern in neocortical stem cells is transferred to the neurons of the cortical plate.
NEOCORTICAL AREA FORMATION
Areas of the neocortex cannot be distinguished by cytoarchitecture until postnatal day 2 (P2) in the mouse, although at birth several genes show region-specific expression in the cortical plate in partial correspondence to the emerging area boundaries. These include cell adhesion molecules (Cad6, Cad8), the orphan nuclear receptor RORß, the HLH transcription factor Id2, a neurotrophin receptor ( p75), and molecules involved in cell migration and axon guidance, such as EphA7 and ephrin-A5 (Bishop et al. 2002) . Remarkably, these genes show different rostrocaudal extents of expression in each layer of the neocortex. For example, although Id2 has a defined border of expression in layer-5 neurons that corresponds to the future boundary between somatosensory area 1 (S1) and motor area 1 (M1), in layers 2 and 3, Id2 has a graded expression that continues across the entire tangential extent of the neocortex Garel et al. 2003) . At present, there is little evidence for gene expression that is cleanly area-specific. The question of neocortical area specification gave rise to two competing hypotheses: the protocortex hypothesis and the protomap hypothesis. In the protocortex hypothesis (van der Loos and Woolsey 1973; O'Leary 1989) , it was suggested that area pattern in the developing neocortex was extrinsically specified by the innervating thalamocortical afferents (TCAs), sensory afferent neurons that project from distinct nuclei of the thalamus to specific cortical areas. These axons begin innervating the neocortex from E14.5, and by E15.5 have begun to extend through the cortical plate. In contrast, the protomap hypothesis proposed that neocortical areas were patterned from a map of spatial identity intrinsic to neocortical stem cells (Rakic 1988a) . Thus, while the protocortex hypothesis advanced the idea that outside factors patterned a naïve cortical primordium or "tabula rasa," the protomap hypothesis argued that neocortical area pattern was intrinsically established by neocortical stem cells.
Several lines of evidence now show that the protomap hypothesis best describes the initial stages of neocortical patterning. First, heterotopic transplantation studies have shown that neocortical stem cells become regionally specified between E11 and E12, before the arrival of the thalamocortical afferents (Cohen-Tannoudji et al. 1994; Gitton et al. 1999a,b; Gaillard et al. 2003) . Second, in both Gbx-2 and Mash 1 mutant mice, in which the TCA projection is respectively impaired or absent, region-specific gene expression is still observed in the cortical plate Liu et al. 2000) . Finally, additional support for the protomap hypothesis came from the identification of genes differentially expressed across the neocortical primordium before the arrival of the subcortical afferents. Notable among those genes are transcription factors expressed in opposing rostral-caudal gradients. For example, Pax6 is expressed in a rostrolateral high to caudomedial low gradient; Emx2 has a caudomedial high to rostrolateral low gradient; and COUP-TFI displays a caudolateral high to rostromedial low gradient (Walther and Gruss 1991; Simeone et al. 1992; Stoykova and Gruss 1994; Gulisano et al. 1996; Mallamaci et al. 1998; Liu et al. 2000) . Other classes of genes commonly associated with development, such as the Ephs and Ephrins, and Cadherins, were also found to be expressed in gradients in neocortical stem cells (Mackarehtschian et al. 1999; Nakagawa et al. 1999) . These gradients of gene expression provided the means by which a neocortical protomap might be encoded in neocortical stem cells.
However, although strong evidence supports the presence of an intrinsic pattern or protomap in the neocortical primordium, a role for TCAs in the differentiation, refinement, and maintenance of area identity has also been established (Frost and Schneider 1979; Sur et al. 1988; Schlaggar and O'Leary 1991; CohenTannoudji et al. 1994; Nothias et al. 1998; Gitton et al. 1999a,b) . The protomap versus protocortex debate is therefore now resolved into a synthesis. Spacial information is conferred on neurons of the cortical plate from a protomap intrinsic to the neocortical primordium. This area pattern of the cortical plate is then refined and maintained by the innervating thalamocortical afferents. This model of neocortical area specification immediately raises two key questions: How is the neocortical protomap established and how is it interpreted in neocortical stem cells to give rise to regionspecific gene expression in the cortical plate?
SECRETED GROWTH FACTORS PATTERN THE ROSTROCAUDAL AXIS OF THE NEOCORTEX
The idea that secreted signaling factors might pattern a neocortical protomap has existed for decades (Creutzfeldt 1977; Rakic 1988a; Kuljis and Rakic 1990; Barbe and Levitt 1991; Rakic 1991) . The first demonstration that such a patterning mechanism is used to generate the area map came from Fukuchi-Shimogori and Grove, who investigated the role of fibroblast growth factor (FGF) signaling in area specification (Fukuchi-Shimogori and Grove 2001). The expression of FGFs 3, 8, 17, 15, and 18 from E9.5 until E12.5 at the rostral midline of the neocortex in the commissural plate and surrounding tissue suggested the presence of a rostral, FGF-secreting signaling center (Bachler and Neubüser 2001) .
In an elegant study, Fukuchi-Shimogori and Grove performed in vivo electroporation experiments to investigate the role of FGF8 in patterning the neocortex (Fukuchi-Shimogori and Grove 2001). Electroporations were performed at E11.5, at the time when the generation of the neuronal layers is just beginning. Augmenting the endogenous rostral FGF8 source led to an expansion of rostral cortical areas at the expense of caudal areas, as assayed by the expression of regional cortical plate markers at P0. Conversely, it was found that reduction of the rostral FGF signal by the electroporation of a soluble FGF receptor (sFGFR3) caused a dramatic shrinkage of rostral neocortical areas, and this phenotype was also later observed in FGF8 hypomorphic mice (Fig. 3A) (Garel et al. 2003) . Most strikingly, Fukuchi-Shimogori and Grove (2001) found that the introduction of an ectopic FGF8 source in the caudal cortex resulted in a partial mirror duplication of the whisker barrel field of the more rostral somatosensory cortex (Fig. 3A) .
In addition to demonstrating that the secreted factor FGF8 specifies a rostral identity Figure 3 . The roles of FGF signaling and graded transcription factor expression in neocortical pattern formation. (A) Diagram of a dorsal view of the mouse cortex (ncx, neocortex; ob, olfactory bulb; M, medial; L, lateral; R, rostral; C, caudal), with the major axes and areas labeled (M, motor; S1, somatosensory; V1, primary visual). The effects of altering the levels and positions of FGF8 signaling are shown. Increasing FGF8 levels rostrally increases the size of the rostral motor area at the expense of caudal areas. Conversely, antagonizing FGF8 signaling by expression of the extracellular face of an FGF receptor (sFGFR3) results in a reduction of the size of M1 and an increase in the size of caudal areas. Introduction of a new, caudal source of FGF8 results in the generation of a mirror-image of the S1 area in caudal cortex. (B) The transcription factors COUP-TF1, Emx2, Sp8, and Pax6 are expressed in gradients along the rostrocaudal axis of the cortex as shown. The effects of null mutations in each transcription factor are shown (CKO, cortex-specific knockout). See text for details of each phenotype. S.N. Sansom and F.J. Livesey in the neocortex, these studies suggested that it might function in the manner of a morphogen. In the classical model of a morphogen gradient, the morphogen is released from a localized source and acts in a concentration-dependent manner to specify two or more cell fates. In the neocortex, FGFs are released from a localized source at the rostral midline and the predictable shifts in regional gene expression on the reduction or augmentation of this source suggest that FGFs may act in a concentrationdependent manner to specify rostrocaudal positional identity in neocortical stem cells. Specifically, these data suggest that a high concentration of FGF specifies the rostral-most motor cortex, whereas lower concentrations direct somatosensory and visual cortical fates.
However, an FGF protein gradient across the neocortical ventricular zone has not been directly visualized, and the question of how such a gradient could form across the rostrocaudal axis of the neocortex remains unanswered. At the beginning of neocortical development (E9.5), the neocortical primordium is 300 mm in length, approximately the same length as the syncytial blastoderm of the fruit fly, but then doubles in length within a day and reaches a length of 7000 mm in the adult mouse (Loncar and Singer 1995; Lein et al. 2007 ). FGFs are produced by stem cells at the rostral midline and at the rostral pole of each cerebral hemisphere. One possibility is that FGFs diffuse solely through the pseudostratified neuroepithelium. Alternatively, FGFs may accumulate in the fluid-filled ventricles of both cerebral hemispheres, which are lined by the apical surfaces of the cortical stem cells. Therefore, it may be that an FGF gradient forms within this cavity across the ventricular surface of the developing neocortex.
Although definitive evidence for a gradient of FGF8 protein is lacking, evidence exists for a gradient of FGF signaling in the ventricular zone along the rostrocaudal axis. FGFs bind to and signal through four classical tyrosine kinase receptors (FGFR1 -4), and three of these receptors are known to be expressed by neocortical stem cells. FGF receptors FGFR1, -2, and -3 are all expressed in neocortical stem cells, with FGFR1 showing a high rostral to low caudal expression gradient, whereas FGFR2 and FGFR3 have low rostral to high caudal gradient of expression (Hébert et al. 2003) . In mice, the forebrain-specific loss of FGFR1 causes a rostral shift in area identity, in addition to causing the loss of the olfactory bulbs, further supporting the idea that FGF functions as a rostrally secreted morphogen to specify area identity (Hébert et al. 2003) .
Downstream of the receptors, the activation of the intracellular components of the FGF signaling pathway, such as the MAP kinases Erk1/2, has not been investigated in the cortex. However, the FGF inhibitors Sprouty1, -2, and -4, which are members of the FGF synexpression group and direct targets of Ras-Erk signaling, are expressed in rostral-high gradients in the neocortex from E9.5 to E12.5, suggesting the presence of a gradient of active MAP kinase signaling in this tissue (Minowada et al. 1999; Mason et al. 2006) . Furthermore, the expression gradients of Sprouty1 and -2 are diminished by reduced levels of FGF signaling (Cholfin and Rubenstein 2008) .
The three members of the PEA3 group of the Ets domain transcription factors Erm (Etv5), Pea3 (Etv4), and Er81 (Etv1), are members of the FGF synexpession group and known transcriptional targets of FGF signaling (Buchwalter et al. 2004; de Launoit et al. 2006) . In the developing neocortex, these transcription factors are expressed in nested rostralhigh to caudal-low gradients and the expression of these factors can be decreased or increased by reducing or augmenting the rostral FGF source (Fukuchi-Shimogori and Grove 2003). Finally, two other genes, the transcription factor Sp8 and the imprinted gene Mest/Peg1, the expression of which is induced by FGF signaling in the neocortex, are also expressed in rostralhigh to caudal gradient across the neocortical primordium (Sansom et al. 2005; Sahara et al. 2007; Zembrzycki et al. 2007 ).
Thus, FGFs pattern the cortex to form neocortical areas. Although it remains formally possible that FGF signaling acts indirectly or through secondary signals to do so, strong evidence at many levels of the FGF signaling pathway suggests that FGFs directly pattern the cortex in a concentration-dependent manner. FGF signaling acts to determine positional identity in the neocortex by controlling a cellular network that includes several interacting transcription factors, the elements of which are considered below and summarized in Figure 4 .
FGF SIGNALING ESTABLISHES AN OPPOSING GRADIENT OF THE CAUDALISING TRANSCRIPTION FACTOR COUP-TFI
The orphan nuclear receptor COUP-TFI is a transcription factor expressed in a caudomedialhigh to rostrolateral-low gradient in the developing neocortex (Zhou et al. 2001) (Fig. 3B) . The roles of COUP-TFI in cortical development have been studied in germline and cortexspecific mutant mice, and have also been investigated by in vivo overexpression (Zhou et al. 2001; Armentano et al. 2007; Faedo et al. 2008) . In mice with a cortex-specific deletion of COUP-TFI, the expression of regional cortical plate markers Cdh8, Id2, Fezf2, and Efna5 revealed that the balance of area pattern was changed such that the majority of the cortex was transformed into motor cortex, and the somatosensory and visual areas were greatly reduced in size and located at the caudal pole of the structure (Fig. 3B ) (Armentano et al. 2007) . COUP-TFI is therefore crucial for promoting a caudal identity in the neocortex. The rostralization of the neocortex in the absence of COUP-TFI, and the established role for COUP-TFI as a transcriptional repressor, suggest that COUP-TFI acts to specify caudal neocortical identity by repressing a rostral fate.
The gradient of COUP-TFI in the developing neocortex lies in opposition to the rostralhigh to caudal-low gradient of FGF signaling, and it is natural to ask whether these gradients regulate one another. There is good evidence that FGF signaling regulates COUP-TFI expression. The sensitivity of the COUP-TFI gradient to levels of FGF signaling has been shown both in vivo and in vitro. Augmentation of the rostral FGF source via in utero electroporation results in a contraction of the COUP-TFI gradient, whereas reduction of the endogenous FGF source induces a rostral expansion of COUP-TFI expression (FukuchiShimogori and Grove 2003; Garel et al. 2003 ).
In vitro experiments have shown that COUP-TFI is rapidly down-regulated in cortical explants in response to elevated FGF levels (Sansom et al. 2005) . Interestingly, binding sites for the FGF target genes, the Ets transcription factors, have been identified in the COUP-TFI promoter, suggesting a possible mechanism for the regulation of COUP-TFI by FGF signaling (Salas et al. 2002) . The regulation of FGF signaling by COUP-TFI is less well understood. However, reduced levels of phospho-Erk1/2 have been reported in the neocortex of mice constitutively overexpressing COUP-TFI, indicating that COUP-TFI can negatively regulate FGF signaling (Faedo et al. 2008) . The ability of FGF to repress the expression of COUP-TFI indicates that the Fgf-signaling gradient is responsible for establishing the caudal-high to rostral-low gradient of COUP-TFI in the neocortex, in a manner analogous to that of the repression of dorsally expressed class II transcription factors in the spinal cord by the ventrally secreted morphogen sonic hedgehog (Briscoe and Ericson 2001) . This suggests a default caudal identity for neocortical stem cells in the absence of Fgf signaling, and in support of this supposition, neocortical stem cells produced by directed differentiation from embryonic stem cells express COUP-TFI (Gaspard et al. 2008) .
GRADIENTS OF TRANSCRIPTION FACTORS REFINE AREA PATTERNING
Downstream of FGF signaling and COUP-TFI, gradients of transcription factor expression across the field of neocortical stem cells are important for refining area pattern. Expressed in rostral-high to caudal-low gradients, the transcription factors Pax6 and Sp8 promote rostral area formation, whereas the transcription factor Emx2 is expressed in an opposing gradient and promotes a caudal identity. Of these transcription factors, evidence supports a patterning role for Sp8 and Emx2, whereas the effects of Pax6 on area patterning have been recently suggested by both gain-and lossof-function studies to be indirect (Fig. 3B ) (Manuel et al. 2007; Pinon et al. 2008) .
Sp8 is the vertebrate homolog of the Drosophila Buttonhead (Btd) gene and is a zinc factor transcription factor expressed in the developing nervous system. It is strongly expressed in the commissural ridge at E8/E8.5 and at E9.5 is expressed in a rostral-high to caudal-low gradient across the neocortex. The removal of Sp8 from the developing cortex results in a significant expansion of caudal areas at the expense of rostral areas, as assessed by cortical plate marker expression and corticalthalamic connectivity (Fig. 3B) (Zembrzycki et al. 2007 ). Sp8 is induced by FGF8 and can reciprocally regulate the expression of FGF8 (Sahara et al. 2007 ). Sp8 may act directly to promote a rostral identity in the neocortical stem cells, or indirectly by regulating the expression of Fgf8 in the commissural plate. Although Sp8 expression is also lost in the commissural plate of the cortex-specific knockout, no change in FGF8 expression in this region was detected, and this together with the graded expression of Sp8 in neocortical stem cells supports a direct role for this gene in the patterning of neocortical stem cells (Zembrzycki et al. 2007 ). Additionally, in vitro, Sp8 interacts on at a protein -protein level with the caudal transcription factor Emx2, and Emx2 can repress the induction of Fgf8 by Sp8, indicating that these two transcription factors might cross-regulate one another (Zembrzycki et al. 2007 ).
The vertebrate homolog of the Drosophila empty spiracles gene, Emx2, encodes a homeodomain protein that is expressed in the rostrolateral neural plate from E8.5 (Simeone et al. 1992; Gulisano et al. 1996; Mallamaci et al. 1998 ). In the neocortical primordium, Emx2 is expressed in a caudomedial high to rostrolateral low expression gradient that is, like the COUP-TFI expression gradient, sensitive to FGF signaling (Fig. 3) . Examination of mice with absent, reduced, normal, and elevated levels of Emx2 have revealed that rostrocaudal area patterning shows a predictable and measured response to Emx2 dosage (Hamasaki et al. 2004 ). The loss of Emx2 results in a contraction of caudal areas and the expansion of rostral areas based on regionalized gene expression in the cortical plate, with heterozygous mice showing an intermediate phenotype (Fig. 3) (Bishop et al. 2002; Muzio et al. 2002) . In contrast, in mice overexpressing Emx2 under the control of the Nestin promoter (ne-Emx2), there is an expansion of the caudal visual area 1 (V1) and contraction of rostral motor cortex (Hamasaki et al. 2004) .
The shifts in area patterning observed in Emx2 mutant mice are smaller than those observed in COUP-TFI mutants, and the COUP-TFI expression gradient is unchanged in the neocortex of Emx2 null mice. These observations, together with a reduction in Emx2 expression observed in COUP-TFI null mice, indicate that Emx2 functions downstream of COUP-TFI to refine the position of area boundaries.
Like COUP-TFI, the expression of Emx2 is repressed by FGF8 signaling. The augmentation of the rostral FGF8 source by in vivo electroporation steepens the Emx2 gradient, whereas reduction of the endogenous FGF8 source, either by the electroporation of sFGFR3 or genetically in FGF8 hypomorphic mice, causes an increase in rostral Emx2 expression that flattens, and nearly abolishes, the Emx2 gradient (Fukuchi-Shimogori and Grove 2003) .
In turn, Emx2 has been shown to negatively regulate FGF signaling. In the commissural plate of Emx2 mutants, the expression of Fgf8 and Fgf17 is up-regulated and Fgf15 is more generally up-regulated in the telencephalon (Cholfin and Rubenstein 2008) . Conversely the endogenous expression of FGFs from the commissural plate can be repressed by the electroporation of an Emx2 expressing plasmid (Fukuchi-Shimogori and Grove 2003). These observations suggest that the patterning shifts observed in Emx2 null mice might be caused by elevated levels of FGF signaling, and this idea has been tested by reducing rostral FGF levels in Emx2 mutant animals. It was found that the shifts observed in the Emx2 null neocortex can be rescued by reducing endogenous FGF levels via electroporation of a soluble FGF receptor (Fukuchi-Shimogori and Grove 2003) . Furthermore, the shifts can also be substantially rescued by crossing Emx2 null mice to a FGF17 null background (Cholfin and Rubenstein 2008) . The observations that Emx2 can bind Sp8 and inhibit the Sp8 mediated induction of Fgf8 expression provide a potential mechanism by which the negative regulation of FGF signaling by Emx2 may be accomplished (Sahara et al. 2007) .
Therefore, FGF signaling also controls the graded expression of transcription factors other than COUP-TFI, most notably Sp8 and Emx2, across the developing neocortex, which function in turn to cross-regulate Fgf signaling and fine-tune the position of area boundaries (Fig. 4) . It is likely that significant components of the neocortical patterning network remain to be discovered. In particular, it is probable that COUP-TFI regulates the expression of unknown factors that are important for caudal area identities.
TRANSLATING TRANSCRIPTION FACTOR GRADIENTS TO AREA-SPECIFIC EXPRESSION PATTERNS
Gradients function to pattern tissues by directing different cellular fates at different thresholds of the graded signal. During embryogenesis, developmental gradients are typically translated into distinct domains of gene expression. In the ventral spinal cord, stem cells are initially spatially patterned by gradients of gene expression in response to Shh signaling. In a dynamic and progressive process involving the use of cross-regulatory interactions, these gradients are then translated into molecularly distinct domains or pools of stem cells that are clearly delineated from one another (Dessaud et al. 2008) . These domains of stem cells then give rise to spatially appropriate neuronal progeny (Fig. 5) . Similarly, in the early Drosophila embryo, the gap genes interpret gradients to define spatially discrete populations of stem cells (Ephrussi and St. Johnston 2004) .
In the cortical plate of the maturing neocortex, as discussed previously, complex domains of gene expression foreshadow the emergence of area boundaries, and it might be expected that these domains of gene expression are, in turn, prefigured by domains of expression in neocortical stem cells, in a situation comparable to the formation of stem pools across the dorsoventral axis in the spinal cord. However, extensive genomics screens for discrete rostrocaudal domains of expression in neocortical stem cells found no evidence for such domains, but rather revealed the graded expression of many more genes along this axis (Sansom et al. 2005) . The role of these gradients in encoding spatial information is illustrated by experiments perturbing the high-caudal to low-rostral gradient of Emx2. On the measured increase or decrease of the Emx2 protein gradient, predictable rostral-caudal shifts in area position are observed (Hamasaki et al. 2004) .
A key question then is how the gradients of gene expression in stem cells are read out to produce regionalized gene expression in the cortical plate. Recent studies on the transcription factor Bhlhb5 suggest that the gradients of expression in stem cells are transferred into graded expression of transcription factors in neurons along the rostrocaudal axis (Joshi et al. 2008) . Bhlhb5 is initially expressed in a high caudomedial to low rostrolateral gradient in all cortical neurons of layers 2 -5. Subsequently, this gradient retracts from the rostral cortex and is tuned into discrete domains of sharply bordered expression between the sensory and motor cortex as the cortical plate matures. In the absence of Bhlhb5, the molecular identity of somatosensory and caudal motor cortex is severely perturbed, indicating that this gene is crucial for specifying area fate (Joshi et al. 2008 ). Thus, a currently poorly understood patterning process occurs in postmitotic neurons to translate gradients of expression into discrete domains of gene expression that reflect the organization of cortical areas (Fig. 5B) .
One striking feature of many of the known area-specific patterns of gene expression in neurons is the difference in spatial expression in different layers. For example, the Id2 gene has markedly different spatial expression in layer-5 neurons compared with its expression in the neurons of layers 2 and 3 (Garel et al. 2003) . Therefore, it is not the case that each stem cell has a spatial code that it passes on to all progeny equally. Rather, these observations In contrast, in the developing neocortex, gradients of expression in the ventricular zone do not resolve into discrete spatial domains. Instead, those gradients appear to be translated into discrete spatial expression in the neurons generated by those stem cells. Furthermore, the spacial expression of specific genes often differs between different neuronal layers, as shown here for the gene Epha7.
Gradients in the Brain
Cite this article as Cold Spring Harb Perspect Biol 2009;1:a002519 suggest that neocortical stem cells interpret spatial information encoded by gradients of gene expression together with temporal information to generate the appropriate spatial pattern in each neocortical layer.
THE CLONAL ANATOMY OF AREA SPECIFICATION
Evidence is now emerging for a possible mechanism by which the graded spatial information present in neocortical stem cells may be precisely mapped onto the fundamental functional neuronal building blocks of the cortex, and thereby generates the columns and areas of the mature cortex. Within areas of the adult neocortex, neurons are typically arranged in columns that can be defined on the basis of functional, molecular, or connectivity properties, and typically consist of thousands of neurons. For example, in the primary visual cortex alone, ocular dominance, orientation, hyper and color columns have been identified (Hubel et al. 1977) . These functional columns can be further subdivided. Early investigators, using light microscopy and Nissl staining, discovered that cortical neurons are arranged in fine radial columns (De Felipe and Jones 1988) . These radial columns, now often referred to as mini or microcolumns, consist of stereotypically vertically interconnected arrays of neurons that span the neocortical layers and share extrinsic connectivity (Jones 2000; Rakic 2008 ). Contrary to initial reports, microcolumns have been shown to vary in neuronal number, composition, and size. In the human temporal cortex, evidence has been found for repeating chains of about 11 neurons (Buldyrev et al. 2000) , whereas the modular columns of pyramidal cells in the visual cortex of the monkey are typically comprised of 142 neurons (Peters and Yilmaz 1993) . In an attractive hypothesis, microcolumns are viewed as the fundamental functional processing units of the neocortex underlying all broader divisions (Mountcastle 1998) .
The studies that verified the radial unit hypothesis found that the neuronal progeny of neocortical stem cells form vertical arrays of neurons, and these have been described as the ontogenic units or columns of the neocortex (Rakic 1988a) . Like functional microcolumns, these ontogenic columns, or radial clones, are not uniform but differ in structure between areas (Rakic 1988a ). An attractive theory has been that the mini or microcolumns of highly connected neurons in the adult are groups of clonally related neurons. In support of this, it has recently been reported that radially aligned, clonally related neurons preferentially connect to one another, suggesting that ontogenic units/radial clones may be a component of functional microcolumns (Yu et al. 2009 ). If this observation generalizes to different parts of the cortex, it would provide a potentially powerful framework for integrating spatial patterning of the cortex with the formation of vertically arranged, area-specific circuits within cortical columns. Effectively, each stem cell would produce a vertical chain of highly connected neurons specific to a region of the cortex, and this simple functional unit would be the most basic component of a cortical column and area: The spatial identity of the stem cell would then be read out as the production of a region-appropriate unit of neurons.
EVOLUTIONARY IMPLICATIONS OF A GRADIENT-BASED NEOCORTICAL PATTERNING SYSTEM
The neocortex has rapidly evolved both in size and complexity during the evolution of the mammalian phyla. Although the simplest mammals have only 10 -20 neocortical areas, modern studies indicate that humans possess as many as 100 distinct neocortical areas (Mountcastle 1998) . However, across evolution, the mammalian neocortex retains the same basic areal organization, and it is clear that the area pattern is progressively elaborated over evolutionary time (Striedter 2005) .
The gradient based neocortical patterning mechanism described here provides the means by which area pattern may have been conserved and elaborated as the neocortex increased in surface area and complexity. The expansion of neocortical surface area throughout evolution is thought to be because of an increase in the number of divisions undertaken by neocortical stem cells, which has in turn resulted in an increased number of ontogenic columns (Mountcastle 1998) .
In line with this theory, a gradient-based patterning mechanism could readily scale as the number of ontogenic units or clones increased, facilitating the observed increase in cortical surface area while maintaining relative area sizes and positions. If clones do comprise some form of basic functional unit of the cortex, expanding stem cell number would simply increase the number of processing units available to form areas. Furthermore, the gradient-based patterning system described here, together with the gain of ontogenic units observed across evolution, provides a means for novel area acquisition. As the neocortex increased in size, new area identities along the rostro-caudal axis may have been acquired by the refinement of the mechanisms that interpret the gradients patterning neocortical stem cells, and/or by the elaboration of the gradient-based pattern in neocortical stem cells.
CONCLUSIONS
In the developing neocortex, area identity is specified by gradients of transcription factors established by morphogen gradient(s). An important feature of this system is that it does not operate in a linear manner but rather functions as a network (Fig. 4) . At the core of the network, Fgf signaling establishes a gradient of the transcription factor COUP-TFI, a process modulated by the concomitant actions of Emx2, which acts to repress Fgf signaling and fine-tune area position.
Although this patterning system shares features with the patterning of other tissues by similar gradients, it also has several striking differences. In the spinal cord, a single morphogen, Shh, is responsible for patterning the ventral half of the dorsoventral axis. In contrast, in the neocortex, different varieties of the morphogen, including FGF8, FGF17, and FGF15, act together to specify rostrocaudal fate. Intriguingly, evidence is now emerging that suggests FGF8 acts to induce the expression of FGF17 and FGF15 and that the different FGF ligands specify distinct aspects of the neocortical protomap. Recent evidence argues that FGF8 acts to repress COUP-TFI signaling, whereas FGF17 has a cross-regulatory interaction with Emx2 (Cholfin and Rubenstein 2008) .
Similar to the situation in the spinal cord, Fgf signaling from the rostral pole of the neocortex sets up gradients of transcription factors by both activating and repressing gene expression. However, in contrast to the spinal cord and the early Drosophila embryo, these gradients are not then refined into distinct stem cell domains. In the neocortex, stem cells patterned by gradients give rise to spatially patterned progeny. Strikingly, neocortical stem cells give rise to differently spatially patterned neuronal progeny at different times. These observations suggest that neocortical stem cells interpret spatial information encoded by gradients of gene expression together with temporal information to generate the appropriate spatial pattern in each neocortical layer. Therefore, in a mechanism unique to the neocortex, graded information is resolved into region-specific gene expression in the postmitotic progeny of the stem cells.
